1. Using microdialysis, we compared lipolysis, as well as the production of lactate, in human adipose tissue and muscle after the ingestion of carbohydrate.
2.
The absolute concentrations of glycerol and lactate were measured in subcutaneous adipose tissue, skeletal muscle and arterialized venous blood in eight normal subjects during basal conditions and 4 h after a 75g oral glucose load. Nutritive blood flow in muscle and adipose tissue was monitored simultaneously with the microdialysis ethanol clearance technique.
3. At baseline, the concentrations of glycerol in adipose tissue and in muscle were about 7 times and about 2.5 times higher respectively than those in plasma. After glucose ingestion, the changes in glycerol concentrations differed significantly between the three compartments (P<O.OOOl). In plasma and adipose tissue, the concentrations decreased rapidly and markedly, but returned to baseline levels after 4 h. In muscle, the decrease in glycerol was less pronounced and more protracted. 4. At baseline, the concentrations of lactate in muscle and in adipose tissue were about 3 times and about 1.5 times higher respectively than those in plasma. Atker the ingestion of glucose, the levels increased transiently in similar ways in muscle, adipose tissue and plasma. The differences in absolute lactate concentrations between the three compartments were maintained after the glucose load (P < 0.001).
5. Adipose tissue blood flow increased transiently after glucose ingestion, whereas muscle blood flow remained unchanged. 6. Both muscle and adipose tissue are a source of glycerol and lactate release during basal conditions and after glucose ingestion. The regulation of lactate production, but not of lipolysis, after carbohydrate ingestion is similar in the two tissues.
INTRODUCIION
Adipose tissue and skeletal muscle play important roles in the regulation of human carbohydrate and lipid metabolism. The breakdown of acylglycerols through lipolysis to non-esterified fatty acids (NEFA) and glycerol is a major metabolic event in adipose tissue. It is known, however, that skeletal muscle tissue also contains deposits of acylglycerols [l] , which may be used as an immediate source of fuel after intramuscular lipolysis [2, 31. Moreover, an inverse relationship between muscle triacylglycerol content and insulin-induced glucose disposal has recently been demonstrated [4]. This may suggest that increases in intramuscular lipid storage and lipolysis adversely affect the effectiveness of insulinstimulated glucose utilization, and hence overall glycaemic control. Indeed, high interstitial levels of glycerol have been found in vivo in human skeletal muscle [5] , showing the presence of significant muscle lipolytic activity. At present, however, little is known about the magnitude and physiological regulation of this process.
Lactate production is another metabolic event that has received increasing attention, since peripheral conversion of glucose into lactate seems to play a significant role in the synthesis of liver glycogen via the gluconeogenic pathway after glucose ingestion [6-81. Lactate formation from glucose has generally been thought to occur primarily in skeletal muscle. Lately, however, it has become more evident that adipose tissue is an important source of lactate production in vivo , and that this process is enhanced by both insulin and catecholamine stimulation [12-151. In the present study, the changes in adipose tissue and skeletal muscle lipolysis as well as in lactate production after glucose ingestion in humans were investigated by use of the microdialysis technique, which allows continuous sampling of metabolites from the extracellular fluid in vivo. The aim was to evaluate whether or not the lipolytic activity and the formation of lactate respectively are regulated in a similar way in response to physiological elevation of endogenous insulin levels. The absolute concentrations of glycerol and lactate in subcutaneous adipose tissue and skeletal muscle were continuously and simultaneously measured during basal conditions and after an oral glucose load, and were compared with circulating levels in arterialized venous blood. In addition, to monitor the nutritive blood flow in the tissue surrounding the probe, the clearance of ethanol from the perfusate was measured at the same time in the two tissues [16, 171 .
METHODS

Subjects
Eight healthy, drug-free subjects (six men and two women) between the ages of 25 and 48years (37 f 3 years, mean f SEM) participated in this study. Their mean body mass index was 25.7 f 1.2 kg/m2. Seven subjects were moderately well-trained and one was an active athlete. The study protocol was approved by the Ethics Committee of Karolinska Institute. All subjects were given a detailed description of the study before their written informed consent was obtained.
Microdialysis probe
The principle of the microdialysis technique has previously been described in detail [MI. The probe (CMA/60, CMA/Microdialysis AB, Stockholm, Sweden) consists of a semi-permeable polyamide membrane (30 x 0.52 mm, molecular mass cut-off 20 kDa) which is glued to the top of a double-lumen polyurethane catheter. The perfusate solution enters the probe through the outer lumen and flows down to the microdialysis membrane. The exchange of metabolites between the interstitial fluid and the perfusate then occurs across the membrane by passive diffusion. After this, the dialysate leaves the probe through the inner lumen, from which the samples are collected.
Study protocol
The subjects fasted overnight and remained in a supine position throughout the study. The experiments started at 8.00 hours in a quiet room with a constant temperature (23°C). A retrograde catheter was inserted into a dorsal vein in the hand, which was then placed in a heated box (63°C) for sampling the arterialized venous blood [19] . After local skin anaesthesia (EMLA, Astra, Sodertalje, Sweden), a microdialysis probe was inserted with a guide cannula into the periumbilical subcutaneous adipose tissue (8cm lateral to the umbilicus). A second microdialysis probe was inserted in the medial part of the gastrocnemius muscle. Penetration of the muscle fascia was recognized by the occurrence of muscle spasm. The probes were continuously perfused with Ringer's solution (in mmol/l: 147 Na+, 4 K+, 2.2 Ca2+, 156 C1-) using a CMA/106 microinfusion pump (CMA/Microdialysis AB) at a flow rate of 0.3 pl/min. Glycerol and lactate concentrations were measured in the collected dialysates. Using an isotope method for estimation of microdialysis recovery [20] we have recently shown that the recovery of glycerol and lactate is almost complete (90-95%) and is similar in adipose tissue and skeletal muscle at a flow rate of 0.3 pl/min [21] .
To determine changes in local blood flow in adipose and skeletal muscle tissue [16, 171 another probe was inserted subcutaneously in the abdomen and perfused at a constant flow rate of 2 pl/min with Ringer's solution containing 50 mM of ethanol using a CMA/lOO micro-injection pump (CMA/Microdialysis AB). Two additional probes were inserted in the muscle and continuously perfused with Ringer's solution containing 50mM ethanol, at flow rates of 3 and 5 pl/min respectively. The distance between different probes always exceeded 3 cm. The escape of ethanol from the perfusate to the tissue was determined, and the ratio between the outgoing and the ingoing ethanol concentrations was calculated. The ethanol outflow/inflow ratio reflects changes in nutritive blood flow in the tissues [22] .
Following a 30-45 min equilibration period, dialysate samples were collected every 30min for the determination of glycerol, lactate and ethanol concentrations. Arterialized venous blood samples were taken in the middle of each 30 min period. Arterialization was confirmed by blood gas analysis (>95% 0 2 saturation). After a 60 min baseline sampling period, the subjects were given a 75 g oral glucose load. Plasma and dialysate concentrations were then determined over 240 min.
Biochemical analyses
Glycerol and lactate concentrations in tissue dialysates were determined by an enzymic fluorimetric method, using a CMA 600 microdialysis analyser (CMA/Microdialysis AB). The amount of ethanol in the dialysate was analysed by an enzymic spectrophotometric method [23] . Determination of the concentration of glycerol in plasma was made using a bioluminescence technique [24] and of lactate in plasma by an enzymatic fluorimetric method [25]. The levels of glucose and insulin in plasma were determined by the glucose oxidase method [26] and using a commercial radioimmunoassay kit (Pharmacia AB, Uppsala, Sweden) respectively. NEFA in serum was analysed using an enzymic colorimetric method (Wako Chemicals GmbH, Neuss, Germany).
Statistical analysis
Values are represented as the means f SEM. Comparisons of time-related changes in metabolite concentrations between plasma, adipose tissue and muscle were analysed by the use of two-factor analysis of variance (ANOVA) for repeated measurements. Changes over time in the compartments were analysed with one-factor ANOVA for repeated measurements. Student's paired t-test was used to compare metabolite concentrations at different times. Differences in baseline values between the compartments and values at a particular time were determined with factorial ANOVA and Student's paired t-test. A value of P<O.O5 was considered significant.
RESULTS
The levels of glucose and insulin in plasma as well as of NEFA in serum during basal conditions and after an oral glucose load are shown in Fig. 1 . Glucose and insulin increased in plasma, with a maximum peak at 45 min after glucose intake. In response to the glucose load, the concentrations of serum NEFA in arterialized blood fell rapidly by about 90%. The low serum NEFA levels persisted for 2 h; during the last hour of the experiment they returned to the baseline.
The concentrations of glycerol in tissue dialysates and arterialized plasma are shown in Fig. 2(a) . At baseline, the glycerol levels were higher in adipose tissue (292 +_ 36 pmol/l; factorial ANOVA and paired t-test: P < 0.001) and muscle (100 f 13 pmol/l; P<O.Ol), as compared with plasma (42f6 pmol/l). Basal adipose tissue glycerol levels were significantly higher than those in muscle (P < 0.001). After glucose ingestion, the changes in glycerol concentrations differed significantly in plasma, adipose tissue and muscle (two-factor ANOVA for repeated measurements: P < 0.0001). The ingestion of glucose caused a rapid fall in the glycerol concentration in adipose tissue to a plateau concentration of around 140 mol/l. At 165 min after glucose loading, the glycerol concentration rose rapidly to reach baseline values. Although the absolute decline in glycerol after glucose ingestion and the rise to baseline levels were much less in plasma than in adipose tissue, the kinetic profiles of glycerol in the two compartments followed the same pattern. In contrast, muscle glycerol levels showed a gradual and moderate decrease until 165 min after glucose intake and then rose again, but did not reach baseline values at the end of the experiment (paired t-test: P<O.Ol, Fig.  2a ). These differences between plasma and tissue glycerol kinetics after glucose ingestion were also present when relative changes from baseline in the plasma and tissue dialysate glycerol concentrations were compared. As shown in Fig. 2(b) , the dynamic pattern of muscle glycerol was clearly different from the patterns in plasma and adipose tissue. After a gradual decline, the muscle dialysate glycerol levels increased again, but did not reach baseline levels at the end of the experimental period (PeO.01). Moreover, in relative terms, the suppression of glycerol was significantly higher in adipose tissue and plasma than in muscle from 45 to 105 min after glucose intake (factorial ANOVA and paired t-test: P<0.05). The maximum decline in NEFA in serum (85.9 k 2.7%) after glucose ingestion was much more pronounced than the corresponding decrease of glycerol in adipose tissue (53.9 i-8.0%, paired t-test: P < 0.05) and plasma (64.1 k 4.2%, P < 0.001).
In Fig. 3(a) , the lactate concentrations in tissue dialysates and arterialized plasma in the basal state (Fig. 3b) , no significant difference was found between the peak levels of lactate in the three compartments.
In order to monitor blood flow in the area of the probe membrane, the microdialysis ethanol technique was used. The ethanol outflow/inflow ratio in adipose tissue decreased significantly from 45 to 195 min after the glucose load (one-factor ANOVA for repeated measurements: P < 0.0001, Fig. 4a the ethanol outflow/inflow ratios whether investigated with a flow rate of 3 or 5 pl/min (Fig. 4b) .
DISCUSSION
The present study was undertaken to investigate simultaneously the roles of human skeletal muscle and adipose tissue in lipolysis and lactate production after carbohydrate ingestion. We used a microdialysis technique identical with the one recently shown to ensure total or near-total (90-95%) recovery in vivo of glycerol and lactate in the microdialysate of human adipose tissue and muscle [21] . Thus, the glycerol and lactate levels measured in the present study are probably the same, or very nearly the same, as in the interstitial space.
During basal conditions, glycerol levels were significantly higher in adipose tissue and skeletal muscle than in plasma. Moreover, in adipose tissue glycerol levels were found to be higher than those in muscle. in the present investigation was in the same range as those reported in previous microdialysis [27, 281 and arteriovenous cannulation [ 10, 121 studies. in contrast, Maggs et al. [5] found substantially higher glycerol concentrations in both adipose tissue and skeletal muscle (around 3 mmol/l). In the latter study, a shorter microdialysis probe and higher perfusion rate were used, and the absolute concentrations of glycerol in the two tissues were estimated indirectly from calibration experiments. Samra et al. [29] tested these high tissue glycerol levels by giving an intravenous infusion of free glycerol, which raised the arterial glycerol concentration to about 300 pmol/l. This increase in plasma glycerol resulted in an elevation of the adipose tissue glycerol levels and muscle glycerol uptake, which could be explained only by the movement of glycerol from plasma to the interstitial tissue fluid down a concentration gradient. These experimental data speak against tissue glycerol concentrations being as high as that estimated by Maggs et al. [5] . Glycerol concentrations in adipose tissue and skeletal muscle were also significantly higher than the circulating concentrations during the oral glucose, which indicates that lipolysis is maintained both in adipose tissue and skeletal muscle during the hyperinsulinaemia following ingestion of carbohydrate. The kinetic profiles of glycerol in adipose tissue and plasma followed a similar pattern. This finding corroborates previously reported data by Jansson et al. [27, 281 . In contrast, the dynamic pattern of skeletal muscle glycerol was clearly different from patterns in adipose tissue and plasma. After a slow and gradual decline, the glycerol levels in muscle rose again, but did not return to baseline at the end of the experiment. Moreover, the maximum suppression of glycerol release was markedly more pronounced in adipose tissue and plasma than in muscle. These observed differences in glycerol kinetics after glucose intake strongly suggest that the lipolysis in skeletal muscle is regulated differently. According to Oscai et al. [3] , the cellular control of intramuscular triacylglycerol metabolism involves two identified lipases: hormone-sensitive lipase (HSL) and lipoprotein lipase (LPL). LPL is located on the capillary endothelium in most tissues and it hydrolyses circulating triacylglycerols to NEFA and glycerol at the endothelial surface. NEFA from the circulation are taken up by the muscle, then esterified into acylglycerols and incorporated into lipid droplets in muscle or used for fuel. It has been shown that high-carbohydrate diets increase the levels of LPL in adipose tissue, whereas in muscle the levels of LPL decrease or do not change [30] . Hence, an inhibition of LPL in muscle could provide an explanation of the gradual decrease of muscle glycerol after carbohydrate ingestion. It is more likely, however, that the disparate patterns of lipolysis suppression in adipose tissue and muscle were due to differences in the inhibitory action of insulin on the intracellular HSL in adipocytes and in skeletal muscle cells. There is evidence to suggest that HSL is responsible for intramuscular lipolysis, and that HSL in muscle is identical with that in adipose tissue [3] . Moreover, it is well recognized that the effectiveness of insulin-induced anti-lipolysis differs between various fat depots [31]. Thus, it is possible that there is also a tissue-specific difference in the anti-lipolytic effect of insulin between adipose tissue and muscle. This thesis is favoured by preliminary data showing that different phosphodiesterases seem to mediate insulin-induced anti-lipolysis in adipose tissue and muscle in vivo [32] . It is not likely that tissue differences in glycerol utilization explain the findings. While adipose cannot re-utilize glycerol, a minor uptake of glycerol may take place in muscle [33] . However, increased glycerol metabolism should, if anything, cause a more rapid, instead of a slower, fall in the glycerol concentration in muscle than in adipose tissue. Likewise, differences between adipose tissue and skeletal muscle in the distribution volume of glycerol are an unlikely explanation of the kinetic differences, since lactate kinetics (see below) did not differ between the two tissues. It has now become more evident that adipose tissue is a significant source of lactate production [9-151. In the present study, basal lactate levels were significantly higher in skeletal muscle and adipose tissue than in plasma. Muscle lactate levels were found to be higher than the levels in adipose tissue. After glucose intake, lactate concentrations in skeletal muscle and adipose tissue were significantly higher than the circulating concentrations. The data provided above indicate that both tissues produce lactate in the basal state as well as after an oral glucose load. Moreover, the kinetic profiles of lactate in all three compartments followed the same pattern, with a maximum peak at 75 min. These findings suggest that the regulation of lactate levels by insulin action is similar in both skeletal muscle and adipose tissue.
In conclusion, both skeletal muscle and adipose tissue are sources of glycerol and lactate release during basal conditions and after glucose ingestion. The regulation of lactate metabolism after carbohydrate ingestion is similar in the two tissues, which is not true of glycerol metabolism. There is a slower and more protracted fall in glycerol in skeletal muscle than in adipose tissue, which is best explained by tissue differences in the anti-lipolytic effect of insulin.
